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GABAA receptors are clustered at synaptic sites to achieve a high density of postsynaptic
receptors opposite the input axonal terminals. This allows for an efﬁcient propagation
of GABA mediated signals, which mostly result in neuronal inhibition. A key organizer
for inhibitory synaptic receptors is the 93kDa protein gephyrin that forms oligomeric
superstructures beneath the synaptic area. Gephyrin has long been known to be directly
associated with glycine receptor β subunits that mediate synaptic inhibition in the spinal
cord. Recently, synaptic GABAA receptors have also been shown to directly interact with
gephyrin and interaction sites have been identiﬁed and mapped within the intracellular
loops of the GABAA receptor α1, α2, and α3 subunits. Gephyrin-binding to GABAA
receptors seems to be at least one order of magnitude weaker than to glycine receptors
(GlyRs) and most probably is regulated by phosphorylation. Gephyrin not only has a
structural function at synaptic sites, but also plays a crucial role in synaptic dynamics
and is a platform for multiple protein-protein interactions, bringing receptors, cytoskeletal
proteins and downstream signaling proteins into close spatial proximity.
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INTRODUCTION
The impressive performance of the central nervous system is
rendered possible by neuronal networks that form an uncount-
able number of ﬂexible synaptic contacts passing on informa-
tion from one cell to many others. Information processing is
primarily achieved by fast acting signals, i.e., neurotransmit-
ters acting on synaptic ligand-gated ion channels and slower
mechanisms like extrasynaptic receptors and G-protein coupled
receptors (GPCRs). The main counter-acting neurotransmitters,
glutamate and GABA (γ- a m i n ob u t y r i ca c i d ) ,b o t he x e r tt h e i r
actions through ligand-gated ion channels and GPCRs. Synapses
are highly complex structures, where a large number of proteins
control neurotransmitter release on the presynaptic site and the
effects of neurotransmitters at the postsynaptic site.
The glutamatergic synapse has been investigated in greatdetail
over the past20years andthese studies haverevealedalargenum-
ber of postsynaptic proteins that interact in a controlled manner
to keep glutamate receptors in place but also allow for a highly
regulated dynamic insertion and removal of receptors, which is a
prerequisite for synaptic plasticity. Sub-membrane adaptor and
scaffold proteins are crucial players in this process. The intra-
cellular C-termini of glutamate receptors (Figure1A)s t r o n g l y
interactwithmodularintracellularscaffoldandsignalingproteins
(like PSD-95) via well-characterized protein-protein interaction
motifs (like PDZ, SH3, and other domains). It was, therefore,
experimentally easier to ﬁnd intracellular interaction partners
usingtheclassicalyeast-two-hybridsystem andtoﬁnallyassemble
the concept of the complex dynamic structure of the excitatory
postsynaptic density as we understand it today (Sheng and Lin,
2001).
The postsynaptic structure of inhibitory synapses turned
out to be more difﬁcult to investigate. In GABAA receptors
(GABAARs), which belong to the Cys-loop receptor family, the
N- and C-termini are both extracellular and possible intracel-
lular interactions can only be mediated by a small intracellular
loop between transmembrane helices (TM) 1 and 2, or the large
intracellular loop between TM3 and 4 of individual subunits.
(Figure1A).Afurther difﬁcultyisthe complexityoftheGABAAR
composition. There are a total of 19 subunits from eight subunit
classes (α, β, γ, δ, ε, π, ρ, θ) that come together in pentameric
assemblies with different compositions and form a central pore
that is permeableto chloride ions (Figure1B)( Sarto-Jackson and
Sieghart, 2008). Depending on cell type, the individual synapses
and the developmental state, the subunit composition of the
pentameric receptor is predominantly recruited from six differ-
ent α subunits, 3β subunits, and 3γ subunits (some of which
also occur in alternatively spliced forms). These subunit cate-
gorieswere deﬁned by the degree of their sequence similarity with
30–40% sequence identity between members of different sub-
unit classes and 60–80% identity between members of the same
subunitclass(Barnard etal.,1998). Interestingly, the highest vari-
ability between members within a class and between classes is
found in the large intracellular loop between TM3 and 4 (Olsen
and Sieghart, 2008).
The most common synaptic receptors are formed by
α1/2/3/6-βx-γ2 subunit combinations. They respond to the short-
livedbursts(<1ms) ofhighconcentrations ofGABA(mMrange)
duringneurotransmitter releaseinto the synaptic cleftwith recep-
tor kinetics characterized by a fast rise time, high amplitude, and
fast inactivation. Receptors composed of αβ or α4/6βδ subunits
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FIGURE 1 | Domain-structure of GABAAR- and GluR-subunits and the
pentameric assembly of GABAARs. (A) Schematic representation of the
transmembrane topology of subunits from GABAARa n dA M P A / N M D A
(glutamate) receptors. The GABAAR intracellular loop between TM3 and 4
and the intracellular C-terminus of glutamate receptors are the main sites of
interaction with intracellular scaffold and signaling proteins. (B) Pentameric
assembly of subunits within the GABAAR: subunit interfaces of the
extracellular domains form binding pockets for many therapeutically used
drugs. The intracellular loops of all ﬁve subunits are substrates for
post-translational modiﬁcations that dynamically regulate interactions with
other proteins. Some protein interactions might require more than one
cytoplasmic loop. (C) Sequences of intracellular loops of GABAAR α1, α2,
and α3 subunits and the GlyR β subunit from rat. The sequences
identiﬁed as gephyrin interaction sites are highlighted in red. Identiﬁed
phosphorylation sites within or near the gephyrin interaction sites are
underlined.
are believed to form a specialized population of extrasynap-
tic receptors. They have a higher agonist afﬁnity and longer
open times than their synaptic counterparts and respond to
lower ambient GABA concentrations (μMr a n g e )o rt oG A B A
spillover from synapses and provide the respective neuron with
a constant tonic inhibition that elevates the threshold of action
potential ﬁring (Farrant and Nusser, 2005). Those receptors
are either distributed in a dispersed manner on the cell sur-
face or form micro-clusters with intracellular scaffold proteins
that are different from those of synaptic receptors. Of partic-
ular pharmacological relevance is the sensitivity of the large
number of GABAAR subtypes toward allosteric modulators such
as benzodiazepines and neurosteroids (Rudolph and Mohler,
2004).
To search for downstream effectors that are involved in the
construction of the inhibitory synapse it is important to keep
in mind that there are ﬁve large intracellular loops per single
receptor complex as potential interaction sites with intracellu-
lar molecules (Figures1A,B). These loops also contain multiple
sites for post-translational modiﬁcations (like phosphorylation,
palmitoylation, sumoylation, and ubiquitylation). These modiﬁ-
cations dynamically regulate the interactions with other proteins
and are involved in synaptic stability and trafﬁcking (Moss and
Smart, 2001).
Similar to glutamate receptors yeast-two-hybrid screens were
used intensively to identify intracellular interaction partners of
GABAAR subunits, but turned out to be more laborious than
with glutamate receptors. The ﬁrst proteins to be identiﬁed by
t h i st e c h n i q u ew e r ep r o t e i n si n v o l v e di nt h ea s s e m b l y( c h a p e r -
ones) and trafﬁcking (like MAP-1B, PLIC, GABARAP) (Hanley
et al., 1999; Wang et al., 1999; Bedford et al., 2001). Kinases and
phosphatases were also among the ﬁrst proteins to be shown
to interact with GABAARs (Brandon et al., 2002, 2003). These
enzymes usually bind to their substrate upon phosphorylation
or de-phosphorylation either directly or via an adaptor protein
like AKAP-79/150 for protein kinase A (PKA). GABAARi n t e ra c t -
ing proteins have been extensively reviewed in Jacob et al. (2008);
Tretter and Moss (2008)a n dLuscher et al. (2011).
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FIGURE 2 | Synaptic GABAARs containing the α2o rα3 subunit are
clustered by different mechanisms. Schematic representations of
GABAergic post-synapses containing the GABAAR α3 subunit (A) or the
GABAAR α2 subunit (B) show the postulated differential role of collybistin
in synaptic cluster formation. GABAARs containing the α3 subunit directly
bind to gephyrin, while GABAARs containing the α2 subunit use
collybistin as an accessory factor to enhance the afﬁnity of binding to
gephyrin. Isoforms of the cell adhesion molecule neuroligin (NL–2/4) have
a preference for GABAergic synapses and have been shown to activate
collybistin.
One particular protein, gephyrin, soon gained a lot of scien-
tiﬁc attention as a GABAAR associated protein. It was originally
identiﬁed to interact with GlyRs that mediate inhibition in the
spinal cordandarealsomembers of the Cys-loopreceptor family.
During receptor puriﬁcation, GlyRs remain strongly associated
with this prominent intracellular anchoring protein, which has
been named gephyrin after the Greek word for “bridge” gephyra
(Langosch et al., 1992; Prior et al., 1992). The observation that
GABAARs also colocalize to a large degree with gephyrin in the
brain was made soon after this protein was identiﬁed, but it
was neither possible to co-precipitate or co-purify gephyrin with
GABAAR nor was it found in yeast-two-hybrid screens using
many kinds of brain mRNA libraries and GABAARi n t r a c e l -
lular loops as baits (Sassoè-Pognetto et al., 1995; Betz, 1998;
Essrich et al., 1998). It only turned out recently that, similar to
GlyRs, there is indeed a direct interaction between GABAARs and
gephyrin, but a co-puriﬁcation using classical protocols has not
been reported.
GABAA RECEPTOR INTERACTIONS WITH GEPHYRIN
Gephyrinclustersareveryabundantinthe brain,whereGlyRsare
a minor receptor population compared to GABAARs. The colo-
calization of GABAARs and gephyrin in clusters on the neuronal
surface implied that GABAARs are associated with this scaffold
protein, either directly or indirectly (via a linker protein). The
GABAAR γ2 subunit was originally found to be important for
synaptic localization of GABAARs (Essrich et al., 1998). Knock-
out mice with a deletion of the γ2 subunit die within a few weeks
after birth and were found to lack GABAARc l u s t e r s( Günther
et al., 1995). Transfection of neuronal cultures from these mice
withγ2cDNArestored clustering (Baer et al.,2000). Onthe other
hand, transfecting cultured hippocampal neurons with shRNAi
constructs against gephyrin reduces the number of γ2c o n t a i n -
ing GABAAR clusters in cultured hippocampal neurons (Yu et al.,
2007). Similarly, cultures from gephyrin knock-out mice lack
GABAARc l u s t e r s( Kneussel et al., 1999).
One of the early hits from yeast-two-hybrid screens, the pro-
tein GABARAP (GABAAR associated protein), was identiﬁed to
interact with the γ2 subunit as well as with gephyrin (Wang et al.,
1999; Kneussel et al., 2000). This ﬁnding led to the hypothe-
sis, that GABARAP might be the linker protein that connects
GABAARs to gephyrin clusters. As a consequence GABARAP was
intensively investigated and found to be important for recep-
tor insertion into the cell surface membrane (Kittler et al.,
2001; Bavro et al., 2002). GABARAP is widely distributed in
multiple cell types and its relatively low abundance at synap-
tic sites raised doubts about its role as a linker protein. Finally,
GABARAP knock-out mice turned out to be viable and neu-
ronal cultures from these mice exhibited strong postsynaptic
co-clustering of gephyrin and GABAARs (O’Sullivan et al., 2005).
Soon, the discovery of other GABARAP-interacting proteins,
PRIP1/2 (Phospholipase C-Related Inactive Protein) and NSF
(N-ethylmaleimide Sensitive Fusionprotein) supported its func-
tion during synaptic delivery of receptors (Kittler et al., 2001;
Goto et al., 2005; Kanematsu et al., 2006). This task probably
is taken over by other members of the MAP1-LC3 family in
GABARAP knock-out mice.
The γ2 subunit has long been discussed as an important can-
didate for mediating synaptic targeting or anchoring (Alldred
et al., 2005; Christie et al., 2006). This concept was obvious as
γ2a n dδ do not occur together in one receptor subtype and
follow distinct assembly rules (Sieghart et al., 1999). As men-
tioned earlier, δ subunit containing receptors are well described
as being localized mostly outside of the synaptic areas where
they mediate tonic inhibition (Farrant and Nusser, 2005). The
currently accepted model of receptor structure predicts the pres-
ence of 2α,2 β,a n d1 γ subunit in the pentameric ion channel
(Barrera and Edwardson, 2008). The γ2 subunit is known to
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exist in two splice variants (γ2L and γ2S, distinguished by the
insertion of eight amino acids in the TM3–4 intracellular loop
of γ2L containing a PKC phosphorylation site). This might be
of some importance in the regulation of receptor trafﬁcking and
synaptic targeting (Meier and Grantyn, 2004). Staining of hip-
pocampal pyramidal neurons in culture reveals a strong diffuse
cell surface distribution of γ2 in addition to synaptic clusters,
while staining for α2 reveals predominantly synaptic clusters and
staining for α1 reveals both: synaptic clusters and smaller clus-
ters or diffuse staining in extrasynaptic areas (Tretter and Moss
unpublished results). Therefore, many γ2 containing receptors
are extrasynaptic. This is not only true for hippocampal cell cul-
tures but also for GABAA receptor in the brain (Kasugai et al.,
2010).
Hippocampal pyramidal cells express a large repertoire of
GABAAR subtypes containing the γ2 but different α and β sub-
units in different synapses (Klausberger et al., 2002). Although
synaptic targeting and anchoring must be distinguished as two
different processes, α subunits are more likely to dominate over
the γ2 subunit in at least one of these processes. Furthermore the
γ2-containing GABAARs u b t y p eα5βxγ2, that has received con-
siderable attention in context with a role in cognition has been
found to be located mostly at extrasynaptic sites where it was
found to be associated with the sub-membrane protein radixin
(Kneussel, 2005; Loebrich et al., 2006; Serwanski et al., 2006).
Therefore, it was assumed that γ2 subunits might not be involved
in synaptic targeting, but possibly in the synaptic anchoring of
GABAAR.
Finally, in 2008 a direct interaction between some GABAAR
α subunits and the P1 splice variant of gephyrin could be suc-
cessfully proven (Tretter et al., 2008). We found that some
GABAAR mutants were expressed on neuronal surfaces, but were
clustering-deﬁcient. An overlay assay protocol was adapted to
speciﬁc conditions: following a Western blot, the GST fusion
proteins of GABAAR intracellular domains were slowly rena-
tured with a decreasing gradient of guanidinium hydrochloride
and were incubated with in vitro translated gephyrin in the
absence of detergent. This was a prerequisite for a positive and
speciﬁc signal. The expectation that the large intracellular loop
between TM3 and 4 contains the interaction site with gephyrin
w a st h u sv e r i ﬁ e d .T h eﬁ r s tα subunit to be shown to inter-
act with gephyrin was α2. The identiﬁed minimal core-sequence
that is necessary for receptor clustering comprises amino acids
336–347 (Figure1C), or amino acids 364–375, when number-
ing includes the signal sequence. In order to obtain a posi-
tive signal in yeast-two-hybrid screens an extended sequence of
amino acids, 330–347 (358–375 including the signal sequence)
was necessary (Saiepour et al., 2010). The motif is a highly
hydrophobic stretch of amino acid residues in the center of
the large intracellular loop. Subsequently, we also identiﬁed
gephyrin interaction motifs in the homologous region of α1a n d
α3( Mukherjee et al., 2011; Tretter et al., 2011). Interestingly
these α subunits show little conservation of the amino acid
sequence in this area (Figure1C), which either implies differ-
ent binding sites on gephyrin, or suggests an important role
of a higher order structure that is conserved among these
subunits.
BINDING SITE OF GABAA RECEPTOR α SUBUNITS ON
GEPHYRIN
T h eb i n d i n gs i t eo ft h eG l y Rβ subunit (GlyR β)o ng e p h y r i n
was initially identiﬁed as a stretch of residues at the beginning
of gephyrin’s C-terminal E-domain (GephE, for domain struc-
ture see Figure3C). In 2006, the GlyR β-loop was co-crystallized
with the E-domain of gephyrin, showing that amino acids at the
beginning and the end of the E-domain seem to be involved in
GlyR β subunit binding (Schrader et al., 2004; Kim et al., 2006).
Based on the structure of the GlyR β subunit-gephyrin com-
plex and sequence similarities in the GABAAR α3 subunit we
hypothesized, that binding of α3 to gephyrin very likely occurs
in a similar three-dimensional binding pocket of the gephyrin E-
domain. As a crystal structure is currently not available, we ﬁrst
roughlymappedthe binding sites ofGABAARα2a n dα3 subunits
on gephyrin by using alanine mutagenesis in a yeast two-hybrid
system (Saiepour et al., 2010; Tretter et al., 2011). The identiﬁed
sequences for α2 (residues 325–343) and α3 (residues 325–334)
overlap and include the critical aminoacids involved in GlyR
β subunit binding (Asp327, Phe330) (Figure3C). These results
imply an evolutionarily conserved binding site for GABAAR α
subunits and GlyR β subunit on gephyrin.
The key residues for the interaction were further character-
ized in a follow-up study (Maric et al., 2011). Although the
identiﬁed binding sites on α1, α2, and α3 are only moderately
conserved, GABAAR α1, α2, α3, and GlyR β subunits compete
for the same binding site on the gephyrin molecule (Maric et al.,
2011;a n dFigure3D). Phe330 and Asp327 of GephE are the
main critical residues mediating the GlyR β-gephyrin interac-
tion (Kim et al., 2006). The crystal structure of the gephyrin
E-domain itself and in complex with a bound GlyR β peptide
reveals the formation of Geph-E dimers (indicated by the grey
structure in Figure3A), but the main interaction site seems to
be located on one molecule (indicated by the colored struc-
ture in Figure3A)( Kim et al., 2006). It can be predicted that
Phe330 in the gephyrin E-domain also mediates hydrophobic
interactions with conserved aromatic residues in the GABAAR
α subunits. The motif “FSIV” in GlyR β (Figures3B,D)ﬁ t si n t o
the three-dimensional binding pocket formed mainly by residues
of the N-terminus of GephE (subdomain III in Figure3C),
but also a few residues near the C-terminus of GephE (subdo-
main IV in Figures3B,C color-coded in light blue) (Kim et al.,
2006). This sequence of GlyR β is highly conserved in GABAAR
α3( “ F N I V ” )( Figure3D). Another interesting conserved amino
acid is a tyrosine in each of the GABAAR α subunit interac-
tion domains (α1Y347, α2Y346, α3Y375) (Figure3D). Mutation
of the respective tyrosine to phenylalanine or alanine reduces
gephyrin-binding signiﬁcantly (Maric et al., 2011). A related
phenylalanine (Glyβ F408) is also found in a similar position of
the GlyR β subunit, yet it is shifted by three residues toward the
C-terminus (Figure3D).
Isothermal titration calorimetry is a frequently used thermo-
dynamic method to quantify the strength and nature of protein-
protein interactions. We used this method to additionally prove,
that GlyR β and GABAAR α1, α2, α3 binding sites compete for
the same site on GephE. The interaction of gephyrin E domain
or full-length gephyrin with GlyR β residues 378–425 of the large
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FIGURE 3 | Structural determinants of gephyrin, interacting with
GABAARs, GlyRs, and collybistin. (A) Crystal structure of the gephyrin
E domain (GephE) complexed with GlyR β, modiﬁed for comparison with
GABAAR α subunits and collybistin. The ribbon diagram of GephE is
colored to highlight its subdomain architecture. The GephE-domain is
complemented by a second monomer shown in grey, representing the dimer
that usually forms in vitro. Identiﬁed binding sites for collybistin on gephyrin
are shown in magenta and overlapping binding sites for GlyR β and GABAAR α
subunits are shown in light blue. The GlyR β peptide as well as crucial
interacting amino acids in GephE (D327 , F330, P713) are shown in stick
representation. (B) The major contributing residues to the interaction are
conserved among GABAAR α3a n dG l y Rβ and are marked in red.
(C) Subdomain-structure of GephE and amino acid sequence of GephE
harboring the main binding site to GABAAR α1, α2, and α3 subunits, GlyR β
subunit and collybistin. Crucial residues for the interaction with receptors are
highlighted in light blue (Asp327 , Phe330), the overlapping collybistin binding
site is shown in magenta. (D) The table compares homologous sequences
crucial for gephyrin-binding in GlyR β and GABAAR α subunits from rat.
Residues critically contributing to the interaction and conserved among all
subtypes are shown in red. The dissociation constant KD indicates the binding
strength as determined by isothermal titration calorimetry. (n.d. = not
detectable).
cytoplasmic loop was analyzed intensively via ITC and based on
the resulting biphasic binding curve a two-binding-sites model
was used to describe the binding event. In particular, the high
afﬁnity binding site of the elongated GlyR β was described to be
in the nanomolar range with values varying between 22–30nM
(Specht et al., 2011; Herweg and Schwarz, 2012) and 140–400nM
(Schrader et al., 2004; Kim et al., 2006) depending on the
stoichiometry values which were estimated at 0.28–0.29 (Specht
et al., 2011; Herweg and Schwarz, 2012) and 0.7–1.0 (Schrader
et al., 2004; Kim et al., 2006), respectively. The low afﬁnity site
displayed afﬁnities of 3–6μM( Specht et al., 2011; Herweg and
Schwarz, 2012) and 16–30 μM( Schrader et al., 2004; Kim et al.,
2006) with a stoichiometry of 0.6 (Specht et al., 2011; Herweg
and Schwarz, 2012) and 0.6–0.8 (Schrader et al., 2004; Kim et al.,
2006). This deviation may be explained by lab-speciﬁc system-
atic differences in protein activity; depending on the puriﬁcation
protocol the discrepancy between active molecules and apparent
concentration may vary. A low active fraction of macromolecules
in the cell will yield overestimated afﬁnities and underestimated
stoichiometry values.Incontrast,thediscrepancyofasinglebind-
ing site in the crystal structure versus two binding sites in ITC
remainstobeexplainedonthemolecularlevel.Remarkably,both,
alanine point mutations and phosphomimetic substitutions in
the GlyR β binding motif, result in monophasic binding curves
describing a single binding site with low micromolar afﬁnity
(Kim et al., 2006; Specht et al., 2011). We propose that structural
rearrangements in either the receptor loop or gephyrin may
explain the second apparent binding site. Interestingly, measure-
m e n t so ft h ea f ﬁ n i t yo ft h eG A B A AR α subunits to gephyrin
revealed monophasic binding curves with afﬁnities in the low
micromolar range for α3: KD = 5.3μMa n dα1: KD = 20μM.
The hydrophobic α2 peptide could not be synthesized in suf-
ﬁciently high amounts to perform similar experiments (Maric
et al., 2011). The afﬁnities of the GABAAR α subunits to gephyrin
are, therefore, one to two orders of magnitude weaker and are
comparable to those of PDZ domain-ligand interactions such
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as PSD-95 with its binding partners at glutamatergic synapses
(Jemth and Gianni, 2007). In vivo, t h ea f ﬁ n i t ym a yb ei n ﬂ u -
enced by various additional factors including the presence of
full-length proteins, the contribution of other subunits in the
pentamer, post-translational modiﬁcations and accessory pro-
teins likecollybistin (see below). GlyRsdiffer from GABAARs also
in the stoichiometry and assembly of subunits. The higher afﬁn-
ity of gephyrin to one GlyR β subunit and the presence of 2 or 3β
subunits in one GlyR pentamer is a plausible explanation for the
co-puriﬁcation of gephyrin with GlyRs from detergent extracts
(Sola et al., 2004).
The α subunits seem to be the lead subunits in gephyrin-
dependent GABAAR clustering. Deletion ofthe gephyrin-binding
motifs in tagged recombinant α subunits prevented recombi-
nantreceptorsfromco-clusteringwithendogenousgephyrinafter
transfection into cultured hippocampalneurons, butdid not pre-
vent assembly with endogenous β and γ subunits and surface
expression of receptors. Vice versa, it has been shown, that the
insertion ofthe α2-binding site into the intracellular region of α6,
or even into unrelated proteins like CD4, redirects these proteins
to gephyrin clusters (Tretter et al., 2008) .T h es e q u e n c eo fe v e n t s ,
however, is still not fully understood. Several studies have inves-
tigated GABAAR assembly. As membrane proteins, GABAARs
pass the ER/Golgi, where individual subunits are assembled
into pentamers with the help of chaperones like calnexin and
binding immunoglobulin protein (BIP) (Connolly et al., 1996).
N-terminal and some cytoplasmic sequences are essential for
receptor assembly (Taylor et al., 1999, 2000; Klausberger et al.,
2001, 2002; Sarto et al., 2002; Bollan et al., 2003; Ehya et al., 2003;
Sarto-Jackson et al., 2006), however, it is still unknown, at which
stage gephyrin associates with GABAARs.
Although gephyrin-binding sites have now been identiﬁed on
GABAAR α subunits, there is considerable evidence, that other
subunits are somehow involved in the interaction.
We assume that apart from the α subunits, γ2 also plays an
active part in the clustering process explaining the earlier results
from γ2k n o c k - o u tm i c e( Schweizer et al., 2003). However, the
precise mechanism remains to be determined. Although specu-
lative at this point, it is quite possible that an interface formed
between the cytoplasmic loops of the α1, α2, or α3 subunits
and the γ2 subunit might be crucial for, or at least strengthen
gephyrin-binding,whiletheαsubunitprovidesthemajorbinding
site and probably also mediates synapse-speciﬁcity. This inter-
face might be critical: receptors without a γ2o rδ subunit not
only appear as fully functional recombinant receptors at the
surface of transfected heterologous cells, but have also been iden-
tiﬁed as an endogenous receptor population in neurons (Bencsits
et al., 1999). In hippocampal neurons they are located extrasy-
naptically and contribute to tonic inhibition (Mortensen et al.,
2010). Although the presence of such subunit combinations in
synaptic areas is also possible, they probably are of minor quan-
titative importance and experimentally difﬁcult to distinguish
from γ2-containing receptors, especially if they occur in the same
synapse.
We cannot make any predictions for α4/6β2/3δ containing
receptors yet, as α4a n dα6 subunits have not been investigated
in detail regarding a possible interaction with gephyrin. However,
δ-containing receptors have long been considered to be respon-
sible for providing signiﬁcant tonic inhibition of neurons at
extrasynaptic sites. These δ-containing receptors are rarely seen
clustered, and are mostly distributed evenly on the neuronal sur-
face (Nusser et al., 1998). The stoichiometry of these receptors
might be similar to the α–β–γ receptors, except that δ replaces the
γ subunit although some authors have observed a variable sto-
ichiometry in recombinant δ-containing receptors depending on
the availabilityofthe δsubunit(Kauretal.,2009;Bauretal.,2010;
Wagoner and Czajkowski, 2010).
GEPHYRIN-INDEPENDENT GABAA RECEPTOR CLUSTERING
Immunohistochemical studies investigating the distribution of
GABAAR subunits and gephyrin in tissue sections from wild-
type and mutant mice have indicated that GABAAR subunit
clusters are not always associated with gephyrin. This gephyrin-
independent GABAAR clustering is not fully understood at
present. One alternative and completely independent form of
clustering has been described and characterized: Radixin—
a protein from the band 4.1 or ERM (ezrin-radixin-moesin)
family—has been shown to cluster α5-containing receptors at
extrasynaptic sites (Funayama et al., 1991; Loebrich et al.,
2006). These receptors have gained considerable attention in
cognition and α5-selective inverse agonists are under investiga-
tion as cognition enhancers in neurodegenerative disorders like
Alzheimer’s disease (AD) (Martin et al., 2009). Radixin connects
α5-containing GABAARs to the actin cytoskeleton. The N- and
C-termini of radixin form intra-molecular associations that are
disrupted upon activation. Membrane association is mediated
upon PIP2 b i n d i n gb yt h er a d i x i nN - t e r m i n u s ,f o l l o w e db yp h o s -
phorylation ofits C-terminus. The proteinconformationchanges
to an open state, and the F-actin binding site becomes exposed.
F-actin binding of radixin is essential for α5-containing GABAAR
clustering. It is certainly interesting, why extrasynaptic receptors
need clustering at certain locations instead of being equally dis-
tributed onthe neuronalsurface. Loebrichet al. discussthis point
and hypothesize about potential neuronal-glial contact points
in analogy to observations with the location of NMDA recep-
tors (Loebrich et al., 2006). Glia cells are currently emerging as
active players in information processing in addition to their sup-
portive role for neurons (Dityatev and Rusakov, 2011). Small
amountsofradixinandα5-containing receptors arealsoobserved
in gephyrin-positive synaptic areas where they might contribute
to synaptic plasticity (Christie and de Blas, 2002).
Generally, gephyrin and radixin clustering are regarded as
independent processes. Furthermore, those two proteins might
still not tell the full story of GABAARc l u s t e r i n g .C l u s t e r so f
α1-containing receptors have also been observed in gephyrin
knock-out mice. This phenomenon might reﬂect an unknown
compensatory mechanism (e.g., other clustering factors or mech-
anisms), or a hypothetical GABAAR-intrinsic property (like
receptor-receptor interactions) (Ghai et al., 2011).
Furthermore, it should be mentioned, that GABAARs fre-
quently contain mixed α or β subunits (Benke et al., 2004). It is
tempting to speculate that these “mixed” receptors have not only
speciﬁc functional properties, but are also clustered in a special
way. Mixed α1–α5 receptors might still be clustered by radixin.
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Alternatively, these receptors could also be clustered by gephyrin,
if the α1 subunit is in a favorable conﬁguration, maybe posi-
tioned adjacent to the γ2 subunit. This could be an additional
explanation for the low abundance, but not complete absence of
α5-containing receptors at synaptic sites (Serwanski et al., 2006).
The characterization of gephyrin-binding sites on the α1, α2,
and α3 subunits is only the starting point for understanding the
GABAAR-gephyrin interactions. One aspect can be an additional
interaction of gephyrin with other subunits of the GABAAR
p e n t a m e r .A na s s o c i a t i o no fg e p h y r i nw i t he x t r a s y n a p t i cβ3-
containing receptors during development and synaptogenesis has
been described (Danglot et al., 2003). The authors suggest that
β3-containing receptors ﬁrst appear in small clusters at the cell
surface and only later on, when these receptors also contained
γ2 subunits, they become associated with synaptic sites. A sup-
porting observation for this hypothesis might also be the fact that
homozygous γ2 knock-out mice are born alive and die only a
few weeks after birth (Günther et al., 1995). Recently, a contribu-
tion of gephyrin to phasic as well as to tonic inhibition has been
postulated (Marchionni et al., 2009).
GEPHYRIN STRUCTURE, POLYMORPHISMS, AND
ENZYMATIC ACTIVITY
Gephyrin was initially recognized as a 93kDa protein co-
purifying with GlyR (Pfeiffer et al., 1982). The protein’s ﬁrst
attributed function was a link of GlyR to microtubules (Langosch
et al., 1992). Almost 400 papers have since been published on
this 93kDa protein including the identiﬁcation of a continuously
increasing number of gephyrin-interacting proteins, still leaving
us with a fragmented picture of how inhibitory post-synapses
are organized and dynamically regulated with gephyrin as a cen-
tral platform. Gephyrin is a phylogenetically old protein with 29
exons in mouse, appearing in multiple splice variants. These iso-
forms vary between species, tissues and maybe even cell types
(Ramming et al., 2000).
In bacteria the main function of gephyrin is molybdenum
cofactor (Moco) biosynthesis, which is essential for the activity of
various metabolically important enzymes, like aldehyde oxidase,
xanthine oxidoreductase, and sulﬁte oxidase. This biosynthetic
activity, which is dependent on the presence of cassettes C2 and
C6 has been maintained in higher organisms, in addition to the
role of gephyrin in inhibitory neurotransmitter receptor cluster-
ing (Stallmeyer et al., 1999) .T h ee s s e n t i a lr o l eo fg e p h y r i ni n
Moco biosynthesis in higher organisms is reﬂected in the fact
that Moco-deﬁciency (independent of gephyrin) leads to neu-
rodegeneration and Moco-deﬁcient mice die at postnatal day
11 (Kügler et al., 2007). On the other hand, gephyrin knock-
out mice die immediately after birth (P0) with a stiff muscu-
lature that obviously results from an impaired GlyR function
and absent motoneuron inhibition. The early postnatal death
of gephyrin knock-out mice could not be prevented by restor-
ing Moco biosynthesis in transgenic mice (Grosskreutz et al.,
2003). Zebraﬁsh contain duplicated gephyrin genes (GPHNA and
GPHNB) that are differentially distributed in tissues and both
mediate Mocobiosynthesis andGlyRclustering.Alternative splic-
ing creates a high degree of variability that generates isoforms
with diverse functions and properties (Ogino et al., 2011).
The importance of an intact GlyR-gephyrin system is illus-
trated by severe illnesses like Startle disease (hyperekplexia)
showing neonatal hypertonia and an exaggerated startle reﬂex in
response to auditory or tactile stimuli. This phenotype is mainly
caused by multiple mutations of proteins involved in glycinergic
neurotransmission, like GlyR, gephyrin, collybistin, and glycine
transporters that also affect the GABAergic system (Harvey et al.,
2008).
The most frequently mentioned splice variant P1 of gephyrin,
ﬁrst described by Prior et al. (1992), is composed of a 20kDa
N-terminal domain (G-domain: residues 1–181) and a C-
terminalE-domain(43kDa,residues318–736),whicharehomol-
ogous to the bacterial Moco-synthesizing enzymes MogA and
MoeA, respectively (Schwarz et al., 2001). In higher organisms
the two domains are connected by a linker (18–21kDa), also
referred to as C-domain (Feng et al., 1998). The G-domainhasan
intrinsic tendency to form trimers and, in vitro,t h eE - d o m a i n s
form dimers (Schwarz et al., 2001; Sola et al., 2001, 2004). As
large gephyrin clusters appear at synapses and in light of the
in vitro observations, an assumption of the presence of higher
order structures (“super-structures”) was postulated (Kirsch and
Betz, 1995; Kneussel and Betz, 2000; Xiang et al., 2001). A long-
standing hypothesis predicts a hexagonal lattice as a combination
of the three-fold and two-fold symmetry elements (Kneussel and
Betz, 2000). The authors present the hypothesis that gephyrin is
initially present as trimers in the cytosol. The metastable charac-
teristics of the E-domain prevents dimerization, but is stabilized
uponGlyRbindingandthatthetrimersaretransported invesicles
to the synapse or are randomly inserted (Rosenberg et al., 2001;
Hanus et al., 2004).
Some splice forms disrupt the formation of higher order
structures like the C5 cassette in the G-domain, that prevents
trimerization (Bedet et al., 2006). Gephyrin containing the C5
cassette can act as a dominant-negative variant that can still
bind GlyRs, but favors diffusion of these receptors and removal
from synapses. This model provides a hypothesis for a dynamic
anchoring of receptors. A recent study provides more insight into
biophysical properties of gephyrin (Herweg and Schwarz, 2012).
The authors compared other isoforms (Gephyrin P1, Gephyrin-
C3, Gephyrin-C4) in two expression systems: SF9 insect cells and
human embryonic kidney-HEK cells. Geph-C3 is a non-neuronal
form with the sole metabolic function of Moco biosynthesis. The
C3 cassette is spliced by the neuronalfactor Nova, which is absent
in glia cells. Geph-C4 is a neuronal formthat tends to accumulate
at the plasma membrane, while Geph-C3 exhibits diffuse cytoso-
lic staining in liver and glia cells. The choice of the expression
system had an impact on which higher order structures could be
identiﬁed by size exclusion chromatography: from E. coli trimeric
gephyrin was isolated, while SF9 cells produced hexamers and
even higher oligomeric complexes. The authors also looked at
the dynamics of the subdomains. The G- and C-domain seem to
stabilize each other, while the E-domain is more ﬂexible remain-
ing open for interactions with other proteins. Most gephyrin
interaction partners bind close to or inside the E-domain.
It is well known, that gephyrin is a phosphoprotein. This post-
translationalmodiﬁcation inﬂuences gephyrin clustering andalso
receptor binding (Zita et al., 2007; Bausen et al., 2010; Charrier
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et al., 2010). The comparison of the two expression systems
allowed to further investigate the inﬂuence of different states of
phosphorylation on gephyrin oligomerization. In addition to the
previously characterized phosphorylation sites (Ser188, Ser194,
Ser200, Ser270) Herweg and Schwarz added anadditional 18 sites
to the list, most of them located in the G-domain. These modi-
ﬁcations can be expected to be celltype-speciﬁc and maybe also
synapse-speciﬁc in higher organisms.
These studies mainly focus on GlyR-gephyrin interactions but
areequallyvaluableforstudying theinteractionbetween gephyrin
and GABAARs. The gephyrin variants might differ from synapse
to synapse, but a mechanistic understanding of this complex sys-
tem will help to better understand the interactions of gephyrin
with GABAARs.
THE ROLE OF THE CYTOSKELETON IN GABAAR TRANSPORT
TO AND FROM THE NEURONAL SURFACE AND IN
GEPHYRIN-MEDIATED CLUSTERING
Neurotransmitter receptors are assembled in the ER/Golgi
compartments and transported to the cell surface in mem-
brane vesicles budding from the trans-Golgi along “trails” of
the cytoskeleton. Speciﬁc motor proteins are responsible for the
anterograde or retrograde transport. Gephyrin has been demon-
strated to interact with microtubules, actin ﬁlaments and the
microﬁlament system (Kirsch et al., 1995). Exon14 of the murine
gene of gephyrin contains a region that is highly homologous
to motifs in the microtubule-associated proteins MAP2 and
tau, which are essential for tubulin polymerization and micro-
tubule binding. This could be the site of the direct interaction
of gephyrin with tubulin. An indirect connection of gephyrin
to microtubules is also mediated by adaptor proteins like KIF5
and the dynein light chains (DYNLL1/2) (Fuhrmann et al., 2002;
Maas et al., 2009). The dynein components DNLL1/2 bind to
gephyrin and mediate the retrograde transport of gephyrin-GlyR
complexes (Fuhrmann et al., 2002).
Recombinant gephyrin has also been shown to interact with
“uncapped” actin via the adaptor Mena/VASP (Mammalian
enabled/Vasodilator stimulated phosphoprotein) (Bausen et al.,
2006). A complex of proﬁlin and actin-monomers is bound by
Mena/VASP and increases the efﬁciency of actin polymerization.
Actin ﬁlament formation and bundling is a prerequisite for mor-
phological changes and dynamic cellular processes (Dent et al.,
2011). The regulation of synaptic strength is usually accompa-
nied by a change of the synaptic structure (Izeddin et al., 2011).
Dendritic spineschange their sizeandshapein responseto synap-
tic activity (Penzes and Cahill, 2012). GABAergic synapses are
mostly found on shafts, but will also depend on the microﬁla-
ment system (Luccardini et al., 2004). A contribution of actin
microﬁlaments in gephyrin clusters has been demonstrated by
the observation that cytochalasin D, an inhibitor of actin poly-
merization and disruptor of actin microﬁlaments, disrupts small
gephyrin clusters in the early stages of maturation of hippocam-
pal neurons in culture (Bausen et al., 2006). The actin-binding
protein proﬁlin is an interactor of gephyrin (Mammoto et al.,
1998). Proﬁlin also binds membrane lipids like phosphatidyl
(4, 5) bisphosphate. It is assumed that through binding to mem-
branes proﬁlin is kept in an inactive form that can be released by
phospholipase C. Gephyrin actually competes with G-actin and
phospholipids for the same binding site on proﬁlin (Giesemann
et al., 2003). The interplay of these proteins and the dynamics
of the microﬁlament system at synaptic sites might play a role in
receptor density and possibly in synaptic plasticity.
There are several cytoskeletal regulatory proteins that have
been found to interact with gephyrin: some of those proteins
a r eG E F so rG A P so ft h eR h of a m i l yo fs m a l lG T P a s e s :t h e
Cdc42-GEF “ARHGEF9” (collybistin) (see below), the Rho-GAP
“SRGAP2” (SLIT-ROBO Rho GTPase-activating protein 2) and
the Rac-GAP “WRP” (WAVE-associated Rac GAP). WRP affects
gephyrin cluster size and plays a role in a human 3p-syndrome
mental retardation and mutations of this protein are also linked
to schizophrenia (Endrisetal.,2002;Lewis etal.,2008;Addington
and Rapoport, 2009; Okada et al., 2011).
COLLYBISTIN AND CELL ADHESION MOLECULES
(CAMs) REGULATE GABAergic SYNAPSE FORMATION
Collybistin is a member of the Dbl family of guanine nucleotide
exchange factors(GEFs)andinteracts with gephyrin(Grosskreutz
et al., 2001). It is a RhoGEF for the small GTPase Cdc42 and
is especially important for GABAAR-gephyrin clustering, as it
seems to be a versatile modulator of this interaction (Kins et al.,
2000). Small GTPases of the Rho family (Rho, Rac, Cdc42)
are generally involved in establishing cellular polarity, transcrip-
tional regulation, actin cytoskeleton rearrangements, intracel-
lular trafﬁcking, and endocytosis. They are activated by GEFs
and inactivated by GAPs (GTPase activating proteins). The
RhoGEF Kalirin has also been identiﬁed as an important signal-
ing molecule at glutamatergic synapses and has been implicated
in psychiatric diseases (Penzes et al., 2000; Penzes and Remmers,
2012). The involvement of RhoGEFs in cytoskeletal dynam-
ics provides a compelling reason for their presence at dynamic
synapses, as actin rearrangements will be involved in protein
trafﬁcking and synaptic stabilization. An interesting feature is
the synapse-speciﬁcity of these proteins. It has been shown that
collybistin exerts important functions in clustering of GABAARs
(Harvey et al., 2004).
Collybistin controls the sub-membrane accumulation and
synaptic localization of gephyrin by translocating gephyrin
from cytoplasmic aggregates to submembranous compartments.
Collybistin knock-out mice reveal a region-speciﬁc loss of
gephyrin and GABAAR clusters in the hippocampus and amyg-
dala, suggesting that gephyrin clustering might vary in different
regions (Papadopouloset al., 2007). Generally, these mice reveala
mild phenotype with no detectable impairmentof gephyrin-GlyR
clustering at glycinergic synapses. Collybistin occurs (species-
dependently) in different alternatively spliced forms. The main
variants are currently named CB 1, 2, and 3 and are distinguished
by their C-terminus. Change of splice variants and mutations
in the gene frequently play a role in pathological states (Harvey
et al., 2008). The RhoGEF activity seems not to be important for
gephyrin clustering of GABAARs at synaptic sites. The only small
GTPase, which is currently known to be associated with CB and
gephyrin, Cdc42,is notvitalforsynapse formationandGABAAR-
gephyrin clustering (Reddy-Alla et al., 2010). CB2 and CB3 splice
variants occur with or without a Src-homology-domain-3 (SH3):
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CB(SH3+) and CB(SH3–). The presence of the SH3-domain
keeps CB in an inactive conformation that might be useful during
intracellular transport, while CB(SH3–) isoforms are constitu-
tively active in clustering gephyrin without the presence of an
activating protein. The cell adhesion protein neuroligin-2 (NL-2)
and the GABAAR α2 subunit can activate CB(SH3+)i s o f o r m sb y
binding to the SH3-domain (Poulopoulos et al., 2009; Saiepour
et al., 2010). An attractive hypothesis for the sequence of events
that leads to the establishment of the GABAergic postsynapse is
presented in the review by Papadopoulos and Soykan (2011)i n
Frontiers.
Interesting features include the competition of NL-2 and
GABAAR α2 subunits for the collybistin SH3-domain and the
competition of collybistin and GABAAR α2 for slightly shifted,
yet still overlapping sites on gephyrin (Tretter et al., 2011 and
Figure3C). The binding sites of CB and GABAAR subunits α2
and α3 on gephyrin are positioned close to each other (see
Figure3). Saiepour et al. showed that the GABAAR α3 subunit
directly interacts with gephyrin, while α2, gephyrin and CB form
a ternary complex, where CB strengthens the otherwise weak α2-
gephyrin interaction (Saiepour et al., 2010). Therefore, synapses
containing GABAARs with an α3 subunit do not need colly-
bistin as a cofactor, while collybistin is mandatory for synapses
with α2-containing GABAARs (see Figures2A,B). The theory of
a selective association of CB with certain GABAARs u b t y p e sh a s
been rejected in the paper by Patrizi et al., yet the interaction of
CBwiththesynapticcomplexesseemstobeonlytransient(Patrizi
et al.,2011). Therefore, notall synaptic punctaareassociated with
CB immunoreactivity.
During synaptogenesis cell adhesion molecules like neurexin
andneuroliginplayverycriticalrolesinstabilizingbothexcitatory
and inhibitory synapses (Sudhof, 2008). Neurexin/Neuroligin
knock-out mice exhibit signiﬁcant behavioral phenotypes like
memory deﬁcits, hyperactive behavior or increased anxiety,
revealing their importance in proper synaptogensis (Blundell
et al., 2009, 2010). Other members of the CAM-family, the
beta-integrins, have also been shown to be involved in gephyrin-
mediated GlyR dynamics at spinal cord synapses as intercellular
interactors and downstream signaling receptors (Charrier et al.,
2010).Whether theyplayaroleinGABAergicsynapsesremainsto
be investigated. At the axon initial segment (AIS) the CAM neu-
rofascin has been shown shown to organize GABAAR-gephyrin
clusters in this area (Burkarth et al., 2007).
Recently, the cell adhesion molecule neuroplastin-65 of the
immunoglobulin superfamily that is involved in hippocampal
synaptic plasticity has also been shown to be associated with
GABAARs containing α1o rα2, butnot α3 subunits atGABAergic
synapses (Sarto-Jackson et al., 2012). Here, neuroplastin-65 is
partially colocalized with gephyrin. In addition, neuroplastin-65
also colocalizes with GABAAR α5 subunits at extra-synaptic sites.
Down-regulation of neuroplastin-65 by shRNA causes a loss of
GABAAR α2 subunits at GABAergic synapses. These data indi-
cated that neuroplastin-65 might contribute to anchoring and/or
conﬁning of a subset of GABAAR subtypes to particular synaptic
or extrasynaptic sites, thus affecting receptor mobility and synap-
tic strength. A possible direct interaction of neuroplastin-65
with gephyrin, collybistin, or radixin has not been investigated
(Sarto-Jackson et al., 2012). Given the many interaction partners
of GABAARs, some of which have been identiﬁed only recently, a
detailed understanding of the sequence of events during synapto-
genesis including the role of different cell adhesion molecules is
still missing.
Gephyrin has been shown to be bound to GlyRs already dur-
ing the transport from the Golgi to the surface (Maas et al.,
2006). Whether this is also the case with GABAARs is not
known. Recently the protein Muskelin has been identiﬁed and
characterized as an intracellular transport protein for GABAAR
(Heisler et al., 2011). An association of gephyrin with this com-
plex has not yet been identiﬁed. In any case, the thoroughly
documented constant dynamic synthesis, assembly, endocytosis
and recycling process of GABAARs provides a large pool of avail-
able “free” receptors, either in intracellular vesicles waiting to
be delivered to the cell surface, or already present in the plasma
membrane at extrasynaptic sites. Overexpression of collybistin
recruits those receptors into even more numerous and especially
muchlargersynaptic clusters (Chiouetal.,2011).This wouldalso
represent a hypothetical model for GABAergic synaptic plasticity.
A new feature of gephyrin clustering at GABAergic synapses
is the role of the heat-shock protein 70 (Hsp 70). This protein
hasbeen repeatedly identiﬁed asco-purifying with GABAA recep-
tors (Moss et al., 1995). A recent paper describes a role of Hsp70
in the regulation of gephyrin clustering (Machado et al., 2011).
Hsp70 seems to increase the synaptic accumulation of gephyrin
at inhibitory synapses as well as gephyrin polymerization inde-
pendently of the interaction with associated inhibitory neuro-
transmitter receptors. This observation probably needs further
investigations to assess its signiﬁcance.
GEPHYRIN AS A HUB FOR SIGNAL TRANSDUCTION
PATHWAYS TO THE NUCLEUS, INFLUENCING PROTEIN
TRANSLATION
The mammalian target of Rapamycin (mTOR)-pathway is a cen-
tral signaling pathway that integrates input from external signals
(like growth factors and insulin) but also cellular, nutritional,
energy, and redox state and is frequently disregulated in can-
cer. There are two known complexes: mTOR1 and mTOR2. An
abundance of growth factors and nutrients leads to the initia-
tion ofprotein synthesis bymTOR1 andthe stimulation ofRhoA,
Rac, Cdc42, and PKC by mTOR2. One component, RAFT1 has
been identiﬁed as a gephyrin-interacting protein (Sabatini et al.,
1999). The binding site of RAFT1 for gephyrin has 45% sequence
similarity to the GlyR β binding site. Therefore, the binding
site on gephyrin might be roughly the same. RAFT1 (rapamycin
and FKBP12 target-FRAP/mTOR) mediates drug actions of the
immunosuppressantrapamycin and affects protein translation by
phosphorylating the 70kDa S6 kinase, which in turn phospho-
rylates 4E-BP1 (a repressor of protein translation initiation) and
the ribosomal S6 protein. RAFT1 mutants that no longer inter-
act with gephyrin do not signal to its downstream molecules. The
functionalconsequencesofthislinkbetweenmTORandgephyrin
can be manifold and need further detailed investigations.
Gephyrin and collybistin have also been found as components
of the eukaryotic translation initiation factor 3-complex-eIF3H
(Sertie et al., 2010). This ﬁnding is rather surprising, but at the
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same time very interesting, as it implies a role of collybistin
and gephyrin as regulators of local synaptic protein synthesis.
Gephyrin might be the link to study local protein synthesis at
GABAergic synapses.
DYNAMICS AT GABAergic SYNAPSES: A MECHANISM
OF PLASTICITY
Neurotransmitterreceptors donotsitstill atthecell surface;many
are highly mobile as they can diffuse very rapidly within the
lipid membrane due to Brownian motion (Choquet and Triller,
2003). However, transient interactions with their speciﬁc scaf-
fold proteins signiﬁcantly slow down their movement resulting
in a reduced rate of diffusion. Using quantum dots and fur-
ther developments in sophisticated technology allow real-time
observation of moving and synaptically trapped receptors and
can generate very insightful information about protein-protein
interaction (Bannai et al., 2006, 2009; Alcor et al., 2009). Data
derived from single particle tracking (SPT) experiments can
be particularly useful to understand weaker interactions where
standard biochemical methods are of limited value (Triller and
Choquet, 2008). Indeed SPT data provided critical insights into
the scaffolding action of gephyrin when previously published
data on the mobility of GlyRs or γ2-containing GABAARs were
compared. The median diffusion coefﬁcient (D) of endogenous
γ2-containing GABAARs (0.012μm2/s) turned out to be approx-
imately 10-fold higher compared to the diffusion coefﬁcient
derived for endogenous GlyRs on gephyrin puncta (Meier et al.,
2001; Ehrensperger et al., 2007; Lévi et al., 2008). These data
can be explained by a different strength of interaction with the
cytoskeleton and are consistent with our ﬁnding that gephyrin
binds at least 10 times stronger to GlyRs than to GABAARs. The
higher mobility of GABAARs might be a prerequisite for different
forms of synaptic plasticity at GABAergic synapses in the brain
facilitating processes like learning and memory.
GEPHYRIN MEDIATES TRANS-SYNAPTIC SIGNALING
AND CROSSTALK WITH THE GLUTAMATERGIC SYSTEM
Previous observations from the glutamatergic synapse already
implicate that the multiple interactions of scaffold proteins
renders them indispensible for up- and downstream signaling
and crosstalk with other neurotransmitter systems. PSD-95, the
main scaffold protein of glutamatergic synapses, has been shown
to balance excitation and inhibition in the brain (Keith and
El-Husseini, 2008). Varley and co-workers used single chain
antibody fragments to remove gephyrin from synapses. They
observed a reduction in the probability of GABA release from the
presynaptic neuron. Additionally the frequency of spontaneous
and miniature glutamatergic events was signiﬁcantly reduced. A
reduction of NL-2 and the vesicle transporters for GABA (VGAT)
and glutamate (VGLUT) was also observed (Varley et al., 2011).
This implies the initiation of a postsynaptic as well as a presy-
naptic signaling cascade upon interaction between neurexin and
neuroligin. NL-2, which as described above, was shown to be
physicallyinteracting withgephyrinandcollybistinisanucleation
factor for synapse formation and regulates synapse stability. It
has also been demonstrated that presynaptic neurexin physi-
cally interacts with α1-GABAARs and can negatively modulate
the inhibitory synaptic transmission in a neuroligin-independent
pathway (Zhang et al., 2010). These data suggest that GABAergic
synapse formation and maintenance are very complex processes
and are regulated in multiple sophisticated ways. Regardless,
our data demonstrate that the interaction between gephyrin and
GABAARs is very critical for the transient stability of mature
synapses and dynamic modulation of this interaction can be very
appropriate to tune the efﬁcacy of inhibitory neurotransmission
thus mediating synaptic plasticity. It is quite likely that mech-
anisms of gephyrin-mediated clustering of GABAARs are not
only dependent on the cell type but also on subcellular domains
of neurons. Most investigations focus on dendritic clustering,
however, GABAAR-gephyrin clusters also occur in (peri)somatic
and axo-axonic synapses (Poulopoulos et al., 2009; Panzanelli
et al., 2011). GABAergic synaptogenesis in different areas of the
neuron (dendritic, somatic, axonal domains) most likely will
be differentially regulated. This extends to different cell adhe-
sion molecules and the contribution of other cofactors like the
dystrophin-glycoproteincomplex.Insomaticareasgephyrinclus-
ters are frequently observed to be smaller and probably only
transient (Panzanelli et al., 2011).
PHOSPHORYLATION CAN DYNAMICALLY REGULATE
THE NUMBER OF POSTSYNAPTIC GABAARs
The number of receptors present at postsynaptic sites is not
constant but changes over time. We assume that, like in many
other biological processes, there is a natural random mobility
of receptors and that in addition, their number at the synapse
can be regulated dynamically depending on the cells’ or system’s
needs (Wenner, 2011). Currently documented ways of regulat-
ing protein activity include site-speciﬁc phosphorylation, mono-
andpolyubiquitination,sumoylation,acetylation, andproteolysis
(Luscher etal.,2011).Neuronalactivity caninﬂuencetheconﬁne-
ment to anchoring proteins and the dwell time in microdomains
of the synapse of the postsynaptic AMPA receptor, GABAARs,
and GlyRs (Groc et al., 2004; Lévi et al., 2008). In many cases,
neuronal activity-dependent phosphorylation regulates the inter-
action between scaffolding proteins and the synaptic receptors
and thereby tunes synaptic strength (Muir et al., 2010).
Several studies have already shown that gephyrin is phos-
phorylated by many different kinases on several serines and
threonines mostly in the linker (Zita et al., 2007; Bausen et al.,
2010; Tyagarajan et al., 2011; Herweg and Schwarz, 2012).
Phosphorylation of gephyrin is critical for the postsynaptic
clustering of GABAARs. Tyagarajan et al. demonstrated that
Ser270 of gephyrin is phosphorylated by GSK3β.G S K 3 β activ-
ity can negatively modulate the clustering of GABAARs and
therefore, their function. Thus, abolishing phosphorylation at
this residue resulted in a higher density of gephyrin clusters
and a higher frequency of mIPSCs, an effect that could be
induced by the GSK3β inhibitor and mood-stabilizing drug
lithium (Tyagarajan et al., 2011). It is, however, interesting to
note that the GSK3β phosphorylation site is located outside
of the gephyrin E-domain, the domain that primarily mediates
interactions with GlyRs and GABAARs. This modiﬁcation appar-
ently inﬂuences the folding and oligomerization of the gephyrin
molecule.
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Where kinases are active players, matching phosphatases are
usually not far away. Protein phosphatases 1 and 2B (PP1, PP2B)
have been shown to associate with the gephyrin-platform and
dephosphorylate gephyrin and associated proteins (Bausen et al.,
2010). The phosphatase inhibitors calyculin A and ocadaic acid
reduce the size of postsynaptic gephyrin clusters.
Gephyrin also undergoes proline-directed phosphorylation
(on Ser/Thr-Pro consensus sites), followed by the recruitment
of Pin1 (peptidyl-prolyl isomerase NIMA interacting protein1)
that interacts with gephyrin in a phosphorylation-dependent
manner (Zita et al., 2007). The binding site of Pin1 comprises
Ser188, Ser194, and Ser200 that were found to be phospho-
rylated upon expression in SF9 cells (Herweg and Schwarz,
2012). Binding of Pin1 induces a conformational change of
gephyrin and enhances GlyR β binding. Whether this plays
ar o l ea l s oi nG A B A AR-gephyrin interactions remains to be
determined.
There is strong evidence that phosphorylation of GlyRs and
GABAARs also regulates their interaction with gephyrin. A PKC
phosphorylation site in the intracellular loop of GlyR β has
been shown to negatively affect the binding afﬁnity of gephyrin
(Specht et al., 2011)( Figure1C). A putative phosphorylation site
(Thr375) has been identiﬁed in the gephyrin-binding site of the
GABAAR α1 subunit (Mukherjee et al., 2011)( Figure1C). Here,
the introduction of a charged residue (aspartate) as a phospho-
mimetic signiﬁcantly reduces the binding afﬁnity to gephyrin.
The binding sites of GABAA receptor α1, α2, and α3t o
gephyrin contain additional amino acids that could be kinase
targets (Tretter et al., unpublished results). It can be anticipated
that multiple and diverse phosphorylation events are involved in
the dynamics of glycinergic and GABAergic synapses, regulating
inhibitory synaptic plasticity.
THE ROLE OF GEPHYRIN IN DISEASE
A compromised function of GABAARs has been implicated in
a range of neurological and psychiatric disorders, such as anx-
iety, insomnia, cognitive disorders, depression, epilepsy, and
schizophrenia (Fritschy and Brunig, 2003). Generally spoken,
epilepticseizuresarebelievedtobeconditionsofimbalancedexci-
tation and inhibition in certain brain areas that tend to progress
with time involving pathologies like inﬂammation, necrosis,
gliosis, etc. Early events are down-regulations of tonic GABA
currents, loss of GABAergic interneurons and, therefore, alter-
ations in neuronal circuit activities (Fritschy, 2008). The pro-
gression of the disease state can best be observed in animal
models of temporal lobe epilepsy. Typical animal models are
the kindling model and the pilocarpine injection. Fang et al.
observed a reduction of immunostaining for gephyrin during
both the acute and the latent period, followed by an increase
during the chronic phase (Fang et al., 2011). As GABAARs and
gephyrin are functionally interdependent, the down-regulation
of one of these proteins automatically also results in the loss
of other partners or of other partner proteins at synapses.
This might be the case during initial phases of the disease,
where inhibition is disturbed either through functional over-
excitation or a destruction of GABAergic interneurons and,
therefore, lack of GABAergic input, and it might also be the
case in a later upregulation, maybe as a neuronal attempt to
increase the efﬁciency of inhibitory synapses (Andre et al.,
2001).
Recently, an interesting observation was made concerning a
possible speciﬁc role of gephyrin in epilepsy. Förstera et al. found
a prevalence of alternatively spliced forms of gephyrin in brain
tissue from drug-resistant mesial temporal lobe epilepsy patients
(Forstera et al., 2010). Mesial temporal lobe epilepsy is a special
formoffocalepilepsy. Theauthorsfoundfourabnormallyspliced
gephyrin variants lackingseveralexons in the G-domain.As those
exons are important in mediating gephyrin-gephyrin interaction,
the oligomerization of the pathological forms of gephyrin is most
likely impaired. Additionally they act in a dominant-negative
way by interacting with regularly spliced gephyrin at synapses,
thereby disrupting the normalgephyrin scaffold.Similarobserva-
tions have been made experimentally in an earlier study (Calamai
et al., 2009). Any fragment of gephyrin, that has the capability
to assemble with endogenous gephyrin can act as a dominant-
negative molecule interfering with the oligomerization process at
the synapse. This affects cluster size and receptor mobility and
ﬁnallysynaptic strength. Mesialtemporallobeepilepsyfrequently
is a progressive illness. Patients usually have a history of risk fac-
tors like febrile seizures or other harmful triggers (Yang et al.,
2010). As it is a multifactorial disease, the sequence of events is
difﬁcult to track down (Bozzi et al., 2011).
The role of collybistin as a cofactor in gephyrin cluster-
ing is emphasized by human disease states, where mutations of
collybistin result in X-linked mental retardation associated with
epilepsy due to impaired GABAARc l u s t e r i n g( Shimojima et al.,
2011). Mutations in the human CB gene (ARHGEF9 on Xq11.1)
were found in patients with diverse neurological abnormalities,
including hyperekplexia, epilepsy, insomnia, aggressive behavior,
and anxiety (Kalscheuer et al., 2009).
Although the sequence of molecular events in the course
of developing AD is not yet resolved, one aspect might also
be neuronal excitotoxicity contributing to synaptic degeneration
and neuronal death. A reduced expression of gephyrin has been
observed in all regions of brains from deceased AD patients
(Agarwal et al., 2008). Loss of synaptic gephyrin also means a
reduced neuronal inhibition and a higher susceptibility to exci-
totoxicity.
Loss of gephyrin is also the main problem in the autoimmune
disease “Stiff man syndrome” where the body produces auto-
antibodies against gephyrin (Butler et al., 2000). The symptoms
primarily reﬂect the dysfunction of GlyRs in the spinal cord.
CONCLUSION AND OUTLOOK
The strong interaction of gephyrin and GlyRs has provided an
excellent model for the investigation of multiple aspects of the
inhibitory postsynapse formation over the past 20 years. GlyRs
and GABAARs are structurally related, but have distinct func-
tions in the nervous system. The weaker interaction of GABAARs
with gephyrin as compared to GlyRs confers a higher mobility of
GABAARs in synaptic areas, possibly requiring additional associ-
ated regulatory proteins. Knowledge on these associated proteins
is slowly appearing. We are only beginning to understand, how
GABAergic synapses are assembled. In addition, GABAARs are
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much more heterogeneous than GlyRs with regard to the num-
ber ofsubunits and the subunit composition. Futureresearch will
have to investigate the interaction of individual GABAARs u b -
types with gephyrin and other interacting proteins, the involve-
ment of cofactors and synapse-speciﬁcity.
Gephyrin as the central scaffold is a protein with many faces.
Its extensive heterogeneity through alternative splicing, post-
translationalmodiﬁcations andcomplexbiophysicalpropertiesof
its subdomains creates a multiplicity of structural scaffolds that
c a nb eu s e dt oa c c o m m o d a t ea n do r g a n i z eG A B A ARs u b t y p e s
and associated proteins. Whether certain gephyrin isoforms con-
fer synaptic speciﬁcity or control the dynamics at the synapse,
currently is not known at present. A variety of proteins have
recently been identiﬁed to interact with gephyrin and/or with
GABAARs. Structural analysis should give the most reliable infor-
mationondirectlyinteracting proteins,butisstillahugetechnical
challenge for hetero-oligomeric receptors. The heterogeneity of
GABAARs, gephyrin and cofactors provide a high ﬂexibility for
these synapses thatfor sure will playa role in synapse identity and
synaptic plasticity.
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